This study was to find the optimal configuration for an independent renewable energy system for reverse osmosis (RO) desalination. The objective was to find the lowest levelized cost of energy (LCOE), with power reliability as the constraint. A genetic algorithm was used to solve the nonlinear integer programming program. A site with brackish groundwater in Arizona, USA was selected.
A fresh water production of 18.93 m 3 /d (5,000 gal/d) RO was chosen. The objective of this work, therefore, was to find the optimal, least cost, configuration for a renewable energy reverse osmosis desalination (REROD) system based on a genetic algorithm (GA). Two scenarios according to diesel generator (DG) allowed running time were considered.
PROBLEM FORMULATIONS
The renewable energy reverse osmosis desalination system topology Figure 1 shows a schematic of the studied REROD system.
The system consists of two main parts: an RE system and an RO system. In the present study, the capacity of the RO system was a design condition, with a required output of clean water of 18.93 m 3 /d. Consistent with recommended practice, the electric power consumption of the RO system was assumed to be constant (Gude ), and the system was not permitted to be dispatched below its full output and was required to stay operating at all times, except when out of service for maintenance. Thus, the focus of this study was the optimal sizing of the RE system instead of the entire REROD system. converters is the central control unit, which dispatches the diesel power generation through a signal cable connection.
The solar and wind power generation are connected to the AC bus via inverters, and the RO system gets its power supply from the AC bus.
Optimization of the RE system was broken down into three distinct activities (Farret & Simões ):
1. Simulation of RE system operationfor each candidate RE system, the performance of the entire system and each of its components in serving the RO system load is simulated. In the genetic algorithm to be described later, only those RE systems that can adequately serve the system load are considered in the optimization.
2. Optimizationuse a genetic algorithm to select the best RE system design from the many possible alternatives based upon the objective function of minimizing the levelized cost of energy (LCOE).
3. Sensitivity analysisonce an optimal design is identified, perform a sensitivity analysis to determine how sensitive the LCOE is to changes in input parameters.
The first task undertaken to perform the optimization was to create a simulation of the RE system performance.
As shown in Figure 1 , the RE system may be composed of combinations of the following components: solar PV panels, WTGs, one DG, and/or battery energy storage (batt). To perform the simulation, it was necessary to build mathematical models of each RE system component and the load, which is the RO system power consumption. In the section that follows, the RE system models are described.
Models employed in the REROD system simulation

Solar energy conversion related models
Hay-Davies-Klucher-Reindl model. It is necessary to compute the solar radiation incident on a tilted surface using the known radiation on a horizontal surface. The tilted surface total solar radiation consists of beam radiation and diffuse radiation from the sky and ground-reflected radiation. The diffuse radiation is the sum of three components: circumsolar and isotropic diffuse and horizon brightening. The Hay-Davies-Klucher-Reindl anisotropic model (Duffie & Beckman ) was used to compute the total hourly incident irradiance on a tilted PV panel surface, point tracking is given as:
Wind turbine generator models
Due to the high dependence of wind power on the wind speed, and because the wind speed data available were not at the turbine hub height, the hub height wind speed was calculated using the following power-law relationship (Borowy & Salameh ):
Because the terrain is relatively flat and there is not much vegetation, a 1/7th power law boundary layer profile similar to turbulent flow over a flat plate was selected.
With an estimate of the hub height wind speed now known, the power output of a WTG can be calculated using its experimentally verified power curve. The power curve maps the power output to the hub height wind speed. The Tumo-Int series WTGs were considered in this work as typical of small turbines currently available on the market (Tumo Int Corporation Limited). Turbines with rated power outputs of 1 KW, 2 KW, and 3 KW were coded as types I, II, and III. Their power curves are shown in Figure 2 .
Diesel generator models
In order to provide continuous power to the RO system in this off-grid system, the wind and/or PV power needs to be coupled with a combustion engine, batteries, or both. For this study, the combustion engine selected was a Cummins The filters, which are for diesel oil, air, and lubricant, need replacement every 500 working hours (Emergency Power). The DG was set to run at 50%-75% of its rated power for fuel efficiency and mechanical health. When use of a DG was required, the RO system power consumption was about 50% of the DG rated power, thus guaranteeing a minimum DG load rate. In the simulation, the DG could be set to turn on when the battery state of charge (SOC) falls below a threshold, as will be described in a following subsection. The DOD is the absolute discharge relative to the rated cell capacity, which is assumed to remain unchanged as it ages (Drouilhet & Johnson ) . For the Ah counting model, battery lifetime Ah throughput is obtained by multiplying the lifetime throughput coefficient and the rated Ah capacity.
Models of lead acid batteries
This model is employed in the commercially available renewable energy off-grid optimization software HOMER, in which there is an assumption that DOD does not affect the lifetime throughput. In the present work, the mean lifetime Ah throughput is the mean lifetime throughput coefficient multiplied by the rated Ah capacity. The battery bank lifetime is given as: The solar inverters, wind inverters, and bi-directional converters were modeled using conversion efficiencies.
The bi-directional converter working efficiency depends on its role as a rectifier or an inverter. The specific equipment selected for use in this off-grid system will be described later.
Modeling of RO desalination
The electric power required for desalination P DEM is affected by the hourly volumetric water demand H WD of the RO system and the mean specific energy consumption for desalination S DC (Maleki ):
The average energy consumption for RO system technology ranges from 3.7 to 8 kWh/m 3 , and generally the smaller the size the higher the power consumption (Al-Karaghouli & Kazmerski ). The power consumption was set at 5 kWh/m 3 for the RO desalination unit, given the brackish water quality available at the site (Gude ), and including the well pump and energy recovery devices.
Traditionally, desalination systems are designed to operate with a constant power input. Usually, an unstable power input makes the desalination system operate in non-optimal conditions and this may cause severe operational problems.
For example, due to power supply variation, frequent starting and stopping and partial load operation can lead to scaling, fouling, and unpredictable phenomena of membranes in RO systems (Gude ) . The RO equipment capacity was selected as 18.93 m 3 /d according to the fresh water demand, and the RO system is assumed to work at its constant and rated electric load. Under these conditions, the H WD is 0.79 m 3 /h and the hourly average power consumption is 3.95 kW.
In the RO system the fresh water tank volumetric capacity is proportional to the daily fresh water demand D WD . To ensure desalination system autonomy, 2 days' storage period was chosen (Maleki ), so the fresh water tank volume V tank is
The RE system operation simulation ance approach is adopted where energy is conserved at each time step and throughout the entire simulation.
The simulation period was 1 year and the time step was 1 hour. During each time step, the solar, wind and diesel energy and load were assumed to be constant. The energy generated by the WTGs, PV panels, and the DG for hour t, E gen,t , is expressed as:
If the energy generated from the PV panels, WTGs, and the DG exceeds that of the RO load demand, the battery bank will be charged. Thus, if charging, at the end of hour t:
If the load demand is greater than the energy generated, then the battery bank will be discharged with the amount to cover the deficit. At the end of hour t, if discharging, the energy stored in the battery bank is given by:
System dispatch and power reliability
In order to supply the electrical load, the power resources were dispatched in the following order (Xu & Kang ):
1. the WTGs and PV panels 2. the batteries 3. the DG.
The micro-cycling dispatch strategy (Bernal-Agustín & Dufo-López ) was employed. The generator starts when the battery SOC drops to a defined SOC set point (SOC start ), and stops if the renewable energy production plus the battery bank can cover the load. The SOC start is determined based upon a defined permissible DOD, as follows:
Generally, DOD ¼ 0.5 is safe for VRLA batteries' lifetime. The batteries' SOC at the end of hour t SOC t is:
Ideally, the battery bank is recharged from renewable energy as much as possible. However, if at the beginning of a time step the SOC t < SOC start , then the DGs are instructed to start and produce power for the hour. In the next time step, if renewable energy plus the battery bank covers the load and SOC t > SOC start , then the DGs stop;
otherwise, the DGs keep running. When the SOC t ¼ 1, and if there is excess renewable energy, the renewable power generation will be constrained.
If there is not a DG in any particular configuration of the hybrid power system being simulated, then any unmet electric load demand must be recorded, and there will be no water production because the RO system shuts down.
When the generated energy plus that stored in the batteries is insufficient to satisfy the load demand for hour t, that deficit is tabulated as the 'loss of power supply' (LPS) for hour t,
and can be expressed as:
The loss of power supply probability (LPSP) over the period of the simulation, T, for example, over the course of a year, is the ratio of the sum of LPS t values to the sum of the electric load demand throughout that period, as defined by (Borowy & Salameh ):
The LPSP is the power reliability index of the RE system.
The power reliability can be guaranteed when a DG is in the power system (assuming the fuel tank for the DG is appropriately sized), while it cannot necessarily be guaranteed in a pure renewable energy system. Because the RO system needs to work at a constant rated load and because it is desirable to run the RO continuously between its maintenance intervals (no shut downs), any power system configuration with an LPSP >0 was discarded as an infeasible solution.
Cost functions
The LCOE calculation method used by the US Department of Energy (Levelized Cost of Energy (US Department of Energy) was employed for the RE system:
where I P , M P , and F P represent the investment, maintenance and operations (M&O), and fuel costs of the RE system, E is the energy produced, and r is the discount rate. Table 1 lists the items considered in the LCOE analysis of the RE system.
When equipment replacements occur, the investment expenditures are used in that year.
Following the definition of LCOE presented above, the levelized cost of water (LCOW) is defined below, which could also be employed as the cost function for the REROD system:
Note Q W is the annual quantity of water produced over the analysis period, and that the RO system life cycle cost, as indicated by the LCOW, is an annualized cost that takes into consideration the time value of money. It is similar to the LCOE but includes the RO system and tank capital cost and their operation and maintenance cost. The RO system operation and maintenance cost includes its maintenance cost, the membrane replacement cost, and chemicals costs (Maleki ).
As the capacity and electric power consumption of the RO system can be predetermined and is unchanging because the output is assumed constant (no dispatch), the optimal sizing of the RE system was studied instead of the entire REROD system. Therefore, the LCOE was adopted as the objective function in sizing the RE system.
The LCOW is also an important index in terms of desalination.
Optimization problem formulation
The optimal sizing of the RE systems was formulated as a single criterion integer programming as:
min LCOE s:t:
where:
The range of every variable was determined by con- From a practical point of view, the amount of radiation received using PV panels with a fixed tilt angle which are normally dry and windy. The radiation drops off in the summer due to seasonal monsoon rains that bring cloud cover, and the wind speed is less vigorous.
The technical specifications and economic data for each of the RE system components are shown in Table 2 , along with the discount rate and analysis period. Note that there are three types of WTGs, all from the same manufacturer.
The purpose of this optimization was to choose components with good, yet typical performance specifications and costs, and see what the best configuration is when faced with thousands of possible combinations of those components.
RESULTS AND DISCUSSION
The numbers of PV panels and batteries in series were determined as three and 24, respectively, in order to match the input voltage requirements of their respective inverters. As to design the REROD system is using state-of-the-art technologies based on a 10-year life, acknowledging their will be value remaining in the PV panels and water tank at the end of the design life. In Table 2 some model constants and parameters used in the simulation are presented. In Table 3 the rest are presented.
Consider Scenario I, in which the DG can run in any hour every day. Running the GA resulted in individual [2 4 31 7 1 1], having the lowest LCOE ¼ 0.562 USD/kWh with LCOW ¼ 3.835 USD/m 3 , and therefore being identified as the optimal solution. Figure 6 shows that the GA selected the optimal tilt angle β ¼ 31 that leads to the lowest LCOE for this configuration. Also, observe in Figure 6 , that the LCOE changes very little for tilt angles close to 31 . Another interesting observation from Figure 6 is that there are big jumps in LCOE as the PV tilt angle changes. These step changes occur because as the tilt angle changes and the energy produced by the PV decreases, in order to supply adequate power during each hour of the year, additional replacements of DGs and/or batteries are required, causing increases in the costs. Figure 7 shows the DG daily running time for a TMY3 year. The minimum daily running time is 1 hour, and Figure 7 shows the DG runs longer in autumn and winter than in spring and summer. For the optimal solution, the annual DG running time is 2,938 hours (34% of the year), with a diesel consumption of 7,967 liters. Note, as described previously, when the DG was started, it was set to run at 75% of its rated power, 5.63 kW. After powering the RO load at 3.95 kW, the remaining 1.68 kW could be utilized to charge the battery bank. The charging current was about 34.3 A after rectifiers, which is 0.17 C for a battery string. A charging current less than 0.2 C is considered good (Xu & Kang ) , and therefore 0.17 C charging current is proper. Figure 8 shows the monthly SOC of the battery bank for a TMY3 year of the optimal solution. The average SOCs are high, which is in favor of battery lifetime. Table 4 chronologically shows the cost composition of the optimal solution in Scenario I.
During the 10-year life of the power system, the battery bank was replaced 11 times and DG two times. Obviously, the battery bank experiences cyclic charge-discharge operation. Figure 9 shows monthly power generation of the optimal solution that June is the most diesel-saving month.
The LCOE of 0.562 USD/kWh for the optimal solution in Scenario I is more than four times the average residential electricity price in Arizona in 2018 of 0.13 USD/kWh (EIA n. d.) . The LCOW of 3.835 USD/m 3 was more than two times the average water price in Arizona in 2017 of 1.62 USD/m 3 (Craig ). However, the LCOW is less than half of the 7.9 USD/m 3 currently paid by residents that live in the area, and on the lower end of the range of 3 to 10 USD per 0.38 m 3 paid for transported water by residents in the area (Haws ) .
Consider Scenario II, in which the DG can run between 9 am and 9 pm every day. Running the GA resulted in Figure 10 shows that for this hybrid wind/PV configuration all tilt angles in [40 , 50 ] bring feasible solutions with equal LCOE values, and they deviate from the latitude 35 . Figure 11 shows the monthly SOC of the battery bank for a TMY3 year of the optimal solution. The average SOCs are high, which is in favor of battery lifetime. Figure 12 shows that solar PV largely provides power compared to wind. Table 5 chronologically shows the cost composition of the optimal solution in year is shown in Figure 14 . The type II (2 kW) WTG produces the maximum energy, which means the GA made the right choice. The optimal tilt angles of the optimal solution to Scenario I are less than the latitude, while that of the optimal solution to Scenario II are greater than the latitude. It is often true that a PV panel will produce the most energy over the course of a year if tilted at an angle equal to the latitude. Figure 15 shows an example. The important point here is that for a hybrid power system containing wind and solar energy, the optimal tilt angle is not necessarily equal to latitude, but rather is dependent upon the combination of energy sources and their timing. The optimal tilt angle for the hybrid system must be found in the context of the performance of the entire system and not any single component or parameter.
CONCLUSIONS
In this paper, two optimal configurations of a hybrid power system for reverse osmosis desalination were found, in terms of two scenarios according to DG allowed running time, respectively. When the DG can run any hour every day, the optimal configuration was a PV/wind/DG/battery combination with LCOW ¼ 3.84 USD/m 3 . When the DG can run between 9 am and 9 pm every day, the optimal configuration was a PV/wind/battery combination with LCOW ¼ 4.48 USD/m 3 . Both the LCOWs were about half of the 7.9 USD/m 3 currently paid by residents that live in the area. For a hybrid power system with PV, the optimal tilt angle of fixed PV panels was not necessarily equal to the latitude, and the LCOE was fairly insensitive to photovoltaic panel tilt angle over a range. As demonstrated in this work, the WTG type can be defined as a decision variable, with the GA selecting the most appropriate type of generator.
Configurations with DGs needed a small battery capacity to avoid lost energy due to the battery bank efficiency, while configurations of pure renewable energy needed a large 
